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Abstract

A Cosmic Muon Veto Detector (CMVD) is being built around the mini-Iron Calorime-
ter (mini-ICAL) detector at the transit campus of the India based Neutrino Observatory,
Madurai. The CMV detector will be made using extruded plastic scintillators with em-
bedded wavelength shifting (WLS) fibres which propagate re-emitted photons of longer
wavelengths to silicon photo-multipliers (SiPMs). The SiPMs detect these scintillation
photons, producing electronic signals. The design goal for the cosmic muon veto effi-
ciency of the CMV is >99.99% and fake veto rate less than 10−5. A testing system was
developed, using an LED driver, to measure the noise rate and gain of each SiPM, and
thus determine its overvoltage (Vov). This paper describes the test results and the anal-
ysed characteristics of about 3.5k SiPMs.
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1 Introduction

The Iron-CALorimeter (ICAL) detector is the proposed detector by India based Neutrino Ob-
servatory (INO) to study the properties of atmospheric neutrinos. It is planned to build under
a rock cover of ∼1.2 km to reject the cosmic muon background. A depth of ∼1.2 km reduces
the cosmic muon flux by an order of 106 and a shallow depth of ∼100 m reduces the cosmic
muon flux by an order of 102.
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Figure 1: A schematic of the Cosmic Muon Veto Detector around mini-ICAL.

The mini-ICAL detector i.e. (1/600)th scaled down version of ICAL detector, is currently
operational at Madurai, India. The mini-ICAL detector has 20 (2 m×2 m) Resistive Plate Cham-
bers (RPCs) sandwiched between 11 layers of iron, 10 RPCs on the front and 10 on the back
side. To check the feasibility of a shallow depth neutrino experiment, a CMVD is being built
around the mini-ICAL detector. A schematic of the CMVD around the mini-ICAL is shown in
Fig. 1. The installation of the CMVD will require a total of 736 extruded plastic scintillators and
2944 SiPMs. It is mandatory to test all the components of the CMVD before the installation.
A total of 3488 SiPMs were tested as a part of R&D for the CMVD.
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2 About Silicon photomultiplier

A silicon photomultiplier is a solid state photosensor which is an array of microcells. Each mi-
crocell is an avalanche photo-diode and are connected in parallel to each other with a common
bias. Each microcell has a quenching resistor in series to quench the avalanche.
The SiPM model S13360-2050VE from Hamamatsu is used for the CMVD experiment. This
particular model of SiPM has a total of 1584 microcells, an effective photosensitive area of
2 mm×2 mm, microcell pitch of 50µm, fill factor of 74%, the breakdown voltage (Vbr) of (53
± 5) V at room temperature [2]. The WLS fibre of diameter 1.4 mm couples perfectly with
2 mm×2 mm SiPM. The SiPMs are mounted on a panel as shown in Fig. 2 on the right and
each panel has 16 SiPMs. The detailed view of a single SiPM is shown in the Fig. 2 on the left.

Figure 2: SiPM on a tiny carrier board (on left), a panel with 16 SiPMs (on right).

3 Experimental setup

The testing is performed in a lightproof black box. The SiPM panel is mounted on one of the
face of the black box as shown in the Fig. 3. An LED system (CAEN SP5601) is used for the
SiPM testing purpose. The LED system has an ultrafast LED driver which is used to expose the
light on the SiPM panel. Along with the LED driver, the LED system has an external pulser with
a trigger synchronized with the LED pulse. The LED driver can send a bunch of few photons
upto tens of photons on every trigger.

A piece of tyvek paper is used to diffuse the light uniformaly on all the SiPMs. The raw
signals from all 16 SiPMs are amplified using transimpedance (TI) amplifiers [3] and the am-
plified signals are connected to Domino Ring Sampler (DRS) boards. A total of four DRS
boards are used for this testing. For the data collection, the trigger from the external pulser is
sent to one of the DRS boards and it was synchronized with other DRS boards in a daisychain
mode. The DRS boards are connected to a computer system to collect the data. A schematic
of the electronic circuit for signal readout is shown in Fig. 4.

The charge generated by the SiPM is measured from the raw signals using the equation 1

q =
1

R× G

∫ t1

to
V (t)d t , (1)

where R is the input resistance of the TI amplifier and G is the gain of the operational amplifier
stage. A total of 218 SiPM panels were tested using this setup.
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Figure 3: The SiPM mass testing experimental setup. Figure 4: SiPM circuit diagram.

4 Test results

A typical example of SiPM output signal in response to LED excitation is shown in Fig. 5a.
For each SiPM, a total of 5000 events are collected. The signal is inetegrated within a 100 ns
window for charge collection and the pedestal is subtracted to correct for the baseline fluctu-
ations. The corresponding charge distribution with seceral photoelectron (pe) peaks is shown
in Fig. 5b for one of the SiPMs at Vbias = 54 V.
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Figure 5: (a) Raw SiPM signal, (b) Charge distribution at Vbias = 54 V and (c) Cali-
bration plot for measuring Vbr and dG/dV for one of the SiPMs.

The distribution is fitted with the function:

f (y) = Landau(y) +
N−1
∑

n=0

An × e−
(y − nµ)2

2nσ2
, (2)

where N is the number of photoelectron (p.e.) peaks, An is the peak height, µ is the average
gap between the consecutive photoelectron peaks and σ is the gaussian width of p.e. peak.
The average gap between the consecutive p.e. peaks (µ) is measured from the fit and gain is
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calculated as follows:
Gain(G) =

µ

(1.6× 10−19)C
,

where (1.6×10−19)C is the elementary charge. The data is collected for five different values
of bias voltage (Vbias). The testing with LED system as well as the noise data collection are
done at room temperature (25 ◦ C) and the temperature was recorded. The gain versus Vbias
is plotted and fitted with a linear function as shown in Fig. 5c. From the linear fit, the slope
is a measure of change in gain with respect to change in bias voltage i.e. dG/dV and the ratio
of intercept to slope is a measure of Vbr and is estimated for each of these SiPMs.

5 Summarised results

Fig. 6 shows the dG/dV and Vbr values for all 3488 SiPMs. A total of three bands are observed
for dG/dV and Vbr measurements corresponding to the different SiPMs. The observed Vbr
values are consistent with the Vbr values given by Hamamatsu, at 25 ◦ C. The majority of the
SiPMs are having dG/dV values ∼ 6.8×105. It is observed that one of SiPMs has low gain i.e.
5.1× 105 and one has a physical damage. It is clear that all except two SiPMs (one with low
gain and the other with physical damage) are suitable for the CMVD purpose.

1000 2000 3000
SiPM No.

500

550

600

650

700

750
310×

dG
/d

V
 (

1/
V

)

0

5

10

15
(a)

1000 2000 3000
SiPM No.

50.5

51

51.5

52

52.5

 (
V

)
br

V

0

5

10

15

20
(b)

Figure 6: (a) The variation in gain with respect to bias voltgae (dG/dV) versus SiPM
number and (b) Vbr versus SiPM number at room temperature (25 ◦ C).

Another important parameter is the noise rate of the SiPM. Thus, along with LED calibra-
tion, noise data is collected using a random trigger at Vbias = 54 V. Fig. 7 shows the noise rate
of SiPMs at a threshold of 0.5 pe. The noise rates are within the tolerable range as per previous
studies [1].
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Figure 7: Noise rate (at 0.5 pe threshold) versus SiPM number.
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Fig. 8a and Fig. 8b shows the correlation for dG/dV and Vbr with the noise rate respec-
tively. No correlation is observed for these parameters with the noise rate.
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Figure 8: Correlation between (a) dG/dV and the noise rate (at 1.5 pe threshold)
and (b) Vbr and the noise rate (at 1.5 pe threshold).

6 Conclusion

All the SiPMs required for the CMVD installation have been tested using LED calibration
method. The Vbr varies from 50.7 V to 52.3 V and matches with the specification given by
Hamamatsu, at 25 ◦ C. The spread in dG/dV is 1.2×104(1/V). The overall spread in noise rate
at 0.5 p.e. threshold is 26.8 kHz for Vov=3 V. Out of a total of 3488 SiPMs, there are only two
exceptions i.e. one SiPM with low gain and one SiPM with physical damage. All other SiPMs
satisfy the gain requirement as well as the noise tolerance level for the CMVD operation.
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